Abstract: Six field trials were conducted over a two-year period (2014, 2015) to determine the level and consistency of glyphosate-resistant (GR) Canada fleabane control with glyphosate plus saflufenacil plus a third tankmix partner. GR Canada fleabane interference reduced soybean yield 73% compared with the weed free control. At 4 and 8 weeks after application (WAA), glyphosate plus saflufenacil provided 99% and 88% control of GR Canada fleabane respectively, and at 8 WAA, reduced GR Canada fleabane density by 96% and biomass by 89%. Glyphosate plus saflufenacil plus dicamba improved the control of GR Canada fleabane to 100% and 97% at 4 and 8 WAA, respectively. At 8 WAA, glyphosate plus saflufenacil plus amitrole reduced GR Canada fleabane density and biomass 99% and 97%, respectively. At 8 WAA, glyphosate plus saflufenacil plus dicamba at 300 or 600 g a.i. ha −1 reduced GR Canada fleabane biomass 97% and 98%, respectively. Tank-mixing dicamba with glyphosate plus saflufenacil applied pre-plant improved control of GR Canada fleabane; however, this caused 14% and 46% crop injury at 2 and 4 WAA, respectively. Soybean yield for saflufenacil alone and saflufenacil tankmix treatments were similar to the weed free control, with the exception of dicamba (600 g a.i. ha ).
Introduction
Canada fleabane (Conyza canadensis (L.) Cronq.) is distributed throughout the Canadian provinces, except Newfoundland, and can be observed most frequently in the eastern parts of Canada (Weaver 2001; Cici and Van Acker 2009 ). Canada fleabane is most commonly found on well-drained, coarse-textured, and minimally disturbed soils (Bhowmik and Bekech 1993; Weaver 2001) . The highest Canada fleabane germination (61%) was reported at 24°C/20°C day/night temperatures and a 13 h photoperiod; however, it can also germinate (15%) under dark conditions (Nandula et al. 2006) . Although Canada fleabane can germinate and emerge throughout the year (Buhler and Owen 1997) , it most frequently emerges between late August and October in Canada (Weaver 2001) . Fall-emerging plants form a rosette in the fall and the stems elongate the following spring; a smaller portion of the population emerge in the spring/summer and have a summer annual growth habit (Weaver 2001) . A 1.5-m tall Canada fleabane plant can produce up to 230 000 wind-dispersed seeds (Weaver 2001) , with 99% of them landing within 100 m of the mother plant, which can result in a rapid increase in population (Dauer et al. 2007) .
Glyphosate is a systemic, broad-spectrum herbicide that was commercialized by Monsanto in 1974 (Franz et al. 1997) . Transgenic glyphosate-resistant (GR) soybean and canola were commercialized in 1996 and since then, their adoption has been rapid (Dill 2005; Duke and Powles 2008) . This rapid adoption can be attributed to improved crop safety, simplicity, and broadspectrum weed control with a postemergence (POST) application of glyphosate (Dill 2005) . Consequently, the use of glyphosate has increased tremendously since it can be applied pre-plant (PP) or POST in GR crops (Nandula et al. 2005) . The use of diverse weed management strategies has decreased due to the repeated use of glyphosate in GR crops (Powles 2008) , which has resulted in intense selection pressure among different weed biotypes against glyphosate (Powles et al. 1998; Nandula et al. 2005) . The first documented GR weed species was rigid ryegrass (Lolium rigidum Gaud.) in 1996 (Powles et al. 1998) . As of 2015, there were 32 GR weed species globally, including Canada fleabane (Heap 2015) . In Canada, GR Canada fleabane was first documented in Essex county, Ontario in 2010 (Byker et al. 2013c) . By 2012, it was reported in eight Ontario counties and its distribution in the province was expected to increase (Byker et al. 2013c) .
GR Canada fleabane is a highly competitive weed species. Soybean yield can be reduced up to 93% (Byker et al. 2013b) , while corn yield can be reduced up to 69% due to GR Canada fleabane interference if no control strategies are implemented (Ford et al. 2014 In conventional tillage crop production systems, control of Canada fleabane using fall or spring tillage can be effective (Kapusta 1979; Brown and Whitwell 1988) ; however, only small plants are controlled with tillage (Shrestha et al. 2008) . In no-tillage systems, herbicides are used to control Canada fleabane (Bruce and Kells 1990) . Pre-emergence (PRE) herbicides in soybean should be used to control glyphosate-resistant (GR) Canada fleabane because POST herbicide options provide limited control (Loux et al. 2006) . Using a PRE herbicide with residual activity on Canada fleabane in soybean is desirable (Loux et al. 2006) , since Canada fleabane can emerge after a non-residual burndown application such as glyphosate (Buhler and Owen 1997) .
Saflufenacil is a protoporphyrinogen-oxidase (PPO) inhibiting herbicide (Grossmann et al. 2010) . When tankmixed with glyphosate, saflufenacil provides broadspectrum control of grass and broadleaf weeds (Mellendorf et al. 2013) . Saflufenacil can be used as a PP herbicide or desiccant for soybean in eastern Canada (Anonymous 2014) . GR Canada fleabane and other herbicide resistant weeds, such as ALS resistant prickly lettuce (Lactuca serriola L.), can be controlled by saflufenacil (Liebl et al. 2008; Soltani et al. 2010; Trolove et al. 2011) ; however, control of specific broadleaf weeds depends on application rate (Geier et al. 2009; Soltani et al. 2012) . Furthermore, Mellendorf et al. (2013) found that the control of GR Canada fleabane increased as the rate of saflufenacil increased from 25 to 50 g a.i. ha −1 (80% to 95% control respectively) in a non-crop field study. At 7 and 30 d after planting, saflufenacil applied PP at 25 and 50 g a.i. ha −1 controlled GR Canada fleabane plants (cm) greater than 90% (Owen et al. 2011) . GR Canada fleabane control with glyphosate plus saflufenacil can be variable. For instance, at 28 d after POST application of glyphosate alone and glyphosate plus saflufenacil (25 g a.i. ha −1 ), GR Canada fleabane was controlled by 37% and 57%, respectively (Ikley 2012) . Mellendorf et al. (2013) suggested a third herbicide with a different mode of action should be added to glyphosate plus saflufenacil for more consistent control of GR Canada fleabane. Therefore, the objective of this study was to determine the level of GR Canada fleabane control and soybean crop injury with three different herbicides applied as tankmix partners (two were always glyphosate and saflufenacil) applied PP in soybean. It is hypothesised that full season, residual control of GR Canada fleabane can be achieved in soybean when an effective tankmix partner is added to glyphosate plus saflufenacil.
Materials and Methods
Six field trials were conducted over a two-year period (2014, 2015) at three field locations in southwestern Ontario with previously confirmed GR Canada fleabane populations to determine the efficacy of glyphosate (900 g a.i. ha −1 ) plus saflufenacil (25 g a.i. ha −1 ) plus a third tankmix partner applied PP in soybean. The experiments were arranged as a randomized complete block design with four replications on each field. The plots were 2.25 m wide, with 3 soybean rows spaced 0.75 m apart, and 8 m in length. All herbicide treatments were applied PP using a CO 2 pressurized backpack sprayer that was calibrated to deliver 200 L ha −1 of spray mixture at 240 kPa. The boom was 1.5-m wide with four ULD 120-02 nozzles (Hypro, New Brighton, MN) spaced 50-cm apart. Each replication included untreated (weedy) and weed-free controls. The weed-free control was maintained weed free with a glyphosate (1800 g a.e. ha ) and metribuzin (400 g a.i. ha −1 ) tankmix applied PP followed by hand hoeing as required. A cover spray of quizalofop-p-ethyl (36 g a.i. ha −1 ) in 2014 and glyphosate (900 g a.i. ha −1 ) in 2015 was applied to remove potentially confounding effects of other weed species. Location, soil characteristics, seeding date, herbicide application date, and Canada fleabane height and density at time of application are listed in Table 1 . Herbicide treatments and rates applied are listed in Table 2 . Soybean injury was assessed visually 2 and 4 weeks after soybean emergence (WAE) on a scale of 0% (no injury) to 100% (plant death). Canada fleabane control was assessed visually 4 and 8 weeks after application (WAA) on a scale of 0% to 100% where 0 was no control and 100 was plant death. Canada fleabane density and dry weight were determined 8 WAA by counting the plants in two, 0.25 m 2 quadrants per plot. The same plants were cut at the soil surface, placed in paper bags, and dried at 60°C to a constant moisture and weighed (Byker et al. 2013a ). Soybean seed yield was determined at maturity from a 2-m length of the center row of each plot by the use of a stationary threshing machine. The grain moisture content and weight were recorded for each plot. Soybean grain yield is reported in tonnes ha −1 at a dry grain moisture of 13%.
Data were analyzed using PROC GLIMMIX in SAS (Ver. 9.4, SAS Institute Inc., Cary, NC). Variances were partitioned into random effects (environment within year and location, replication within environment, and the environment by treatment interaction), and fixed effects (herbicide treatments). A likelihood ratio was used to test the significance of environment, replication within environment, and environment by treatment interactions from zero (Dr. S. Bowley, personal communication). There was no significant environment by treatment interaction so all environments were combined for the analysis of treatments. The significance of fixed effects was tested using the F-test. Residual plots were used to ensure that the variances were randomly distributed, independent, and homogeneous across treatments. Means were separated using the Tukey-Kramer multiple range test at P < 0.05 using the pdmix800 SAS macro (Saxton 1998) .
The estimation method used was the Laplace method, which obtains solutions to the likelihood equations through integral approximation of the log-likelihood and provides unbiased covariance parameter estimates when the number of observations per subject is small, compared with the pseudo-likelihood approach (Gbur et al. 2012) . Weed control data at 4 and 8 WAA were analysed by specifying a beta distribution and a cumulative complementary log-log link function due to controls (Gbur et al. 2012 ; Dr. S. Bowley, personal communication). Also, untreated and weed free controls were adjusted by adding or subtracting 1.0 × 10 −10 to lie within the beta distribution. Weed density and weed biomass data were analysed by specifying a gamma distribution and the default log link function because it is flexible and can accommodate many distributional shapes and skewed responses (Gbur et al. 2012) . Soybean yield was analysed by specifying a normal distribution and the default identity link function.
Results and Discussion
There was no crop injury with the exception of glyphosate plus saflufenacil plus dicamba (data not shown). At 2 and 4 WAA, glyphosate plus saflufenacil plus dicamba (300 g a.i. ha −1 ) caused 11% and 37% soybean injury, respectively. With the higher rate of dicamba, ) caused 14% and 46% soybean injury, respectively. The injury included stunted plants, leaf cupping, and dead plants caused by the dicamba and the short interval between spraying and soybean seeding. This injury was expected because dicamba-resistant soybean was not used in this study.
At 4 WAA, glyphosate and glyphosate plus saflufenacil provided 25.5% and 98.8% control of GR Canada fleabane, respectively (Table 2) , which is similar to the results reported by Byker et al. (2013b) ; however, this contrasts to Ikley (2012) who found 57% control with glyphosate plus saflufenacil (25 g a.i. ha −1 ) in a greenhouse study.
The addition of a tankmix partner to glyphosate plus saflufenacil did not increase GR Canada fleabane control with the exception of dicamba (600 g a.i. ha −1 ), which provided 99.8% control. The results from this study are similar to the 99%, 94%, 94%, and 97% control of Canada fleabane with chloransulam-methyl, chlorimuron, flumetsulam, and 2,4-D at 4 WAA, respectively (Tardiff and Smith 2003) . In contrast to the results from this study where glyphosate plus saflufenacil plus metribuzin provided 99.5% control, Tardiff and Smith (2003) reported metribuzin (1120 g a.i. ha ) that provided 58% control of GR Canada fleabane (Eubank et al. 2008) .
At 8 WAA, glyphosate and glyphosate plus saflufenacil provided 9.5% and 87.9% control of GR Canada fleabane, respectively (Table 2 ). There was a numeric increase in GR Canada fleabane control by adding a tankmix partner to glyphosate plus saflufenacil, but differences were not always statistically significant. Glyphosate plus saflufenacil plus amitrole, and glyphosate plus saflufenacil plus dicamba (600 g a.i. ha −1 ) provided 96.7% and 97.5% control, respectively, which was equivalent to the weed free control. Glyphosate plus saflufenacil plus dicamba (600 g a.i. ha −1 ) was the only treatment that provided statistically greater control than glyphosate plus saflufenacil. These results are similar to Byker et al. (2013b) where glyphosate plus dicamba (600 g a.i. ha −1 ) applied PP, followed by glyphosate applied POST, provided 97% control of GR Canada fleabane. In contrast, Byker et al. (2013b) found that glyphosate plus 2,4-D (560 g a.i. ha −1 ) applied PP, followed by glyphosate applied POST, provided 77% control 4 WAA. Loux et al. (2006) reported that glyphosate plus 2,4-D plus chlorimuron or chloransulam, glyphosate plus 2,4-D, or glyphosate plus metribuzin provided the best control of GR Canada fleabane. The results from this study are similar to Loux (2014) where glyphosate plus saflufenacil plus 2,4-D, dicamba, metribuzin or chloransulam-methyl are very effective for the control GR Canada fleabane. At 8 WAA, glyphosate reduced GR Canada fleabane density by 28%, which was equivalent to the untreated control (Table 2) . Glyphosate plus saflufenacil reduced GR Canada fleabane density by 96%. Davis et al. (2010) reported that saflufenacil applied at 50 and 100 g a.i. ha −1 reduced GR Canada fleabane densities by 78% and 86% compared with the untreated control, respectively, in a no-till fallow field study. The addition of a tankmix partner to glyphosate plus saflufenacil did not reduce GR Canada fleabane density with the exception of amitrole, which reduced GR Canada fleabane density by 99%. All the other three-way tankmixes resulted in GR Canada fleabane density that was equivalent to glyphosate plus saflufenacil. The results from this study are similar to observations by Eubank et al. (2008) , who found glyphosate plus 2,4-D (840 g a.i. ha −1 ), and glyphosate plus dicamba (280 g a.i. ha −1 ), reduced GR Canada fleabane density by 99% and 98%, respectively. In contrast, Eubank et al. (2008) found glyphosate plus metribuzin (420 g a.i. ha −1 ) reduced GR Canada fleabane density by 66%. At 8 WAA, glyphosate alone and glyphosate plus saflufenacil reduced GR Canada fleabane biomass 28% and 89%, respectively, compared with the untreated control (Table 2) . Similarly, Byker et al. (2013a) reported 99% reduction in Canada fleabane biomass at 4 WAA of glyphosate plus saflufenacil in soybean under field conditions. In contrast, Ikley (2012) reported glyphosate plus saflufenacil provided a 45% reduction in GR Canada fleabane biomass in a greenhouse study 4 WAA. The addition of another tankmix partner to glyphosate plus saflufenacil did not reduce GR Canada fleabane biomass compared with the untreated control with the exception of adding amitrole, dicamba (300 g a.i. ha −1 ) or dicamba (600 g a.i. ha −1 ), which reduced biomass by >97%. These results are similar to Byker et al. (2013a Byker et al. ( , 2013b , who reported glyphosate plus amitrole (4 WAA), and glyphosate plus dicamba (300 or 600 g a.i. ha −1 ) (8 WAA)
reduced GR Canada fleabane biomass by greater than 97%. The addition of flumetsulam, glufosinate, and paraquat to glyphosate plus saflufenacil reduced GR Canada fleabane biomass by 87%, 89%, and 86%, respectively, which was less than when amitrole or dicamba (300 or 600 g a.i. ha −1 ) were added to glyphosate plus saflufenacil. The addition of 2,4-D ester, metribuzin or cloransulam-methyl reduced GR Canada fleabane biomass by 93%, 92%, and 93%, respectively, which was equivalent to the addition of amitrole or dicamba (300 g a.i. ha −1 ). These results are similar to Byker et al. (2013a) where glyphosate plus 2,4-D (500 g a.i. ha ), and glyphosate plus chloransulam-methyl reduced GR Canada fleabane biomass by 95% and 93%, respectively. GR Canada fleabane interference reduced soybean yield by 73% compared with the weed free control (Table 2) . This is similar to the 82% yield reduction between the untreated control and the most efficacious treatment found by Eubank et al. (2008) ). The addition of saflufenacil to glyphosate resulted in soybean yield equivalent to the weed free control (2.71 and 3.25 tonnes ha −1 , respectively).
The addition of a third tankmix partner to glyphosate plus saflufenacil resulted in soybean yield that was equivalent to the weed free control (3.25 tonnes ha −1 ), with the exception of dicamba (600 g a.i. ha −1 ), which resulted in a 37% reduction in soybean yield compared with the weed-free control. This yield reduction was expected because of the observed injury from the addition of dicamba to glyphosate and saflufenacil in nondicamba-resistant soybean. Based on these results, the most efficacious treatments for the control of GR Canada fleabane were glyphosate plus saflufenacil plus amitrole or dicamba (600 g a.i. ha −1 ). The registration of amitrole applied PP is no longer allowed in Ontario; therefore, this herbicide is not an option for soybean growers for the control of GR Canada fleabane in this region. Also, dicamba is not an option for Ontario soybean growers if the soybean cultivar is not dicamba-resistant, due to the risk of crop injury and yield reduction from dicamba. The other tankmix partners investigated provided similar control of GR Canada fleabane. The tankmix partners 2,4-D ester, metribuzin, and chloransulam-methyl provided excellent control of GR Canada fleabane and reduced density and biomass similar to amitrole. However, multipleresistant Canada fleabane (glyphosate and chloransulam-methyl) has been reported in Ontario (Byker et al. 2013c) , suggesting that 2,4-D ester and metribuzin are better tankmix partners with glyphosate plus saflufenacil in non-dicamba resistant soybean. The application of glyphosate with saflufenacil plus either 2,4-D ester or metribuzin can provide full-season residual control of GR Canada fleabane.
